Methanotrophic Symbioses
Methanotrophic endosymbioses have only been characterized in a few marine invertebrate taxa and deep-sea habitats. Symbioses involving methanotrophs were first described in bathymodioline mussels inhabiting deep-sea cold seeps (Childress et al. 1986; Cavanaugh et al. 1987 ) and subsequently found in other bathymodioline mussels, a pogonophoran Known species of deep-sea vent and seep bathymodioline mussels are listed to highlight that these mussels can host methanotrophs, Vacelet et al. (1996) tubeworm, and carnivorous sponges at seeps and hydrothermal vents (Table 1) . The symbioses were identified based on the co-occurrence of bacteria containing intracytoplasmic membranes typical of type I methanotrophs and assays for enzymes diagnostic of methylotrophy (e.g., methanol dehydrogenase). Bathymodiolus childressi (Fig. 2a) , from hydrocarbon seeps on the Louisiana Slope, Gulf of Mexico, was the first species found to house bacteria that exhibit intracytoplasmic membranes typical of type I methanotrophs, while the dual symbiosis was first described in B. heckerae, as observed through transmission electron microscopy (Childress et al. 1986; Cavanaugh et al. 1987) . The methane oxidizing nature of the bacteria was confirmed through radiolabeled 14 C-methane uptake experiments that measure the amount of 14 CH 4 incorporated into acid-stable compounds and CO 2 and through methanol dehydrogenase (MeDH) assays that detect the activity of a key enzyme in the methane oxidation pathway (Cavanaugh et al. 1987; Fisher et al. 1987; Cavanaugh 1992) . Subsequently, invertebrates from other methane-rich environments have been examined with a suite of techniques aimed at detecting symbiotic methanotrophs, such as additional enzyme assays, stable carbon isotope analysis (comparing 13 δC values), phylogenetic analysis of 16S rRNA sequence data, and in situ hybridization of symbiont-specific genetic probes.
Other Invertebrate Hosts
While this chapter focuses on the association between bathymodioline mussels and their endosymbionts, because those are the best understood of methanebased symbioses, the two other known examples, a pogonophoran tubeworm and a carnivorous sponge, illustrate the diversity of invertebrate taxa that can harbor methanotrophs. sediments is the only tubeworm known to host methanotrophic endosymbionts (Schmaljohann 1991) . Siboglinum poseidoni is abundant at methane-and sulfide-rich sites of the Skagerrak basin (~200-400 m depth) off the coast of Denmark (Dando et al. 1994) . Endosymbiosis of methanotrophs in the pogonophoran tissue was detected through TEM showing symbionts containing stacked intracellular membranes typical of type I methanotrophs (Schmaljohann and Flügel 1987) , enzyme assays indicating methanol dehydrogenase and hexulosephosphate synthetase activity, 14 CH 4 uptake experiments and stable carbon isotope analysis showing that pogonophoran cell carbon was derived from biogenic methane (Schmaljohann et al. 1990) . No genetic analysis was performed, precluding any phylogenetic comparison with other methanotrophs. Methanotrophic bacteria are also found as endosymbionts associated with carnivorous sponges in the genus Cladorhiza (family Cladorhizidae), which inhabit deep-sea mud volcanoes near the Barbados accretionary prism (Vacelet et al. 1996) . The presence of extracellular methanotrophs within the tissue of the sponge was revealed by TEM, with methanol dehydrogenase activity and δ 13 C values consistent with the incorporation of carbon from biogenic methane into the sponge. As in the case of the pogonophoran, no genetic analysis was performed to determine the relationship among cladorhizid symbionts and other methanotrophs.
Methane-Utilizing Bacteria
The identification of symbionts, since none have been cultured, has depended on comparison with free-living aerobic methanotrophs. Methanotrophic bacteria, unique in their ability to use methane as a substrate, form a subset of methylotrophs, which utilize C 1 compounds for energy and carbon acquisition (Anthony 1982) . Symbiotic methanotrophs are most closely related to freeliving type I aerobic methanotrophs in the gamma Proteobacteria, based on their membrane organization, C 1 assimilation pathways, and phylogenetic relations (Hanson et al. 1991; Bratina et al. 1992; Bowman et al. 1993) . While both type I and type II methanotrophs exhibit extensive internal membrane systems, in type I, the internal membranes are arranged in bundles of discshaped vesicles distributed throughout the entire cell (Fig. 2b,c ), but paired membranes are restricted to the periphery of the cell in type II methanotrophs. Because anaerobic methanotrophs, which are responsible for much of global methane oxidation (Reeburgh 1980; Hinrichs et al. 1999; Boetius et al. 2000) , and peat bog-inhabiting acidophilic methanotrophs in the alpha Proteobacteria (Dedysh 2002) are only distantly related to methanotrophic symbionts, our discussion concentrates on type I methanotrophs.
Details of methanotrophic symbiont metabolism are largely inferred from our knowledge of free-living type I and II aerobic methanotrophs. Through the oxidization of methane, electron transport and oxidative phosphorylation generate ATP and organic C 3 compounds are synthesized from formaldehyde (Fig. 3; Hanson and Hanson 1996) . Methane monooxygenases (MMOs), either particulate (pMMO) bound to intracytoplasmic membranes or soluble (sMMO) depending on the species, initiate the oxidation of methane by introducing the oxygen to CH 4 , thus forming H 2 O and CH 3 OH. Methanol is oxidized to formaldehyde (HCHO) by a periplasmic methanol dehydrogenase (MeDH). Formaldehyde is oxidized to formate through multiple enzyme systems, depending on the type of methanotroph. Finally, formate is oxidized to CO 2 by an NAD-dependent formate dehydrogenase. Though the overall methane oxidation pathway is the same for both types of methanotrophs, in type I and type II methanotrophs, C 1 -utilization occurs through the ribulose monophosphate (RuMP) pathway and the serine pathway, respectively (Fig. 3 ).
Known Environments Inhabited by Methanotrophic Symbioses
Fluids rich in methane are released from hydrothermal vents, cold seeps, and mud volcanoes in the deep-sea. Hydrothermal vents, discovered in 1977, , H 2 , CO, and CH 4 ; Tunnicliffe et al. 1998; van Dover 2000) . Hydrologic activity at cold seeps along continental margins and plate boundaries also releases sulfide-, methane-, and ammoniarich fluids from the sediment (reviewed in van Dover 2000; Judd 2003) . Mud volcanoes are formed when water, mud, and gas (usually dominated by CH 4 , but may include CO 2 or nitrogen) are expelled from sedimentary sequences at zones of tectonic compression (Hedberg 1980; Brown 1990; Milkov 2000; Judd et al. 2002) . The methane derived from these environmental sources forms a significant proportion of the global carbon budget (Hornafius et al. 1999; Judd et al. 2002) .
Methane is generated via both biogenic and inorganic processes in seabed fluids (reviewed in Judd et al. 2002; Judd 2003) . Anaerobic archaeal methanogens generate methane biologically (Huber et al. 1989; Shima et al. 2002) . Thermocatalytic processes deep within sediments can also degrade organic matter to yield methane (Judd et al. 2002) . Finally, the majority of methane at hydrothermal vents is believed to be of abiogenic origin, the result of degassing and cooling of mafic magmas and the serpentization of ultramafic rocks (Apps and van de Kamp 1993).
Methane concentrations, as well as overall fluid chemistry, vary greatly among sites inhabited by methanotrophic symbioses (Lupton et al. 1991; van Dover 2000; Kelley et al. 2001; Lilley et al. 2003) . At each vent or seep, concentrations of methane (0.06 to 0.7 mmol kg -1 ) are orders of magnitude higher than that of the ambient seawater (4×10 -7 mmol kg -1 ), but concentrations can also differ, among sites and over time (Kelley et al. 2001 , H 2 S, and H 2 ), pH (from ~2 to 10), and water fine-scale differences in chemistry that presumably influence the ability of
Bathymodioline Symbioses
Thus far, symbiont-hosting mytilid mussels are restricted to deep-sea Bathymodiolus and Tamu) that inhabit vents and seeps (Kenk and Wilson 1985; Distel et al. 2000) . Anatomical features of mussels in this subfamily, such as mantle fusion, a simple gut, and pronounced gills, distinguish them from other deep-sea mussels (Kenk and Wilson 1985; Gustafson et al. 1998 ).
The first vent mytilid species to be described, Bathymodiolus thermophilus, was collected at the hydrothermal vent field of the Galapagos Rift Zone in 1977 (Lonsdale 1977; Grassle 1985) . Since then, fifteen additional species, all of which harbor intracellular symbionts, have been described within this genus from deep-sea hydrothermal vents and cold seeps (see Table 1 for species and references), with new discoveries made with each exploratory dive to a novel Bathymodiolus species are designated as a habitat type for deep-sea chemosynthetic systems because they are the only known marine invertebrate symbiosis to be found in every explored biogeographic province of the deepsea that contains hydrothermal vents and hydrocarbon seeps ( Fig. 1; von Cosel et al. 1994; Gustafson et al. 1998; Sibuet and Olu 1998 ; van Dover 2000;
Bathymodioline mussels harbor bacterial endosymbionts in specialized epithelial cells, referred to as bacteriocytes, within the subfilamentar tissue of temperature (from ~2 to 400°C). Overall, this translates into regional and methanotroph-hosting invertebrates to colonize, persist, and reproduce at a site. vent or seep site (Miyazaki et al. 2004; Duperron et al. 2005a; . Indeed, mussel beds of Yamanaka et al. 2000; Hashimoto 2001; O'Mullan et al. 2001; van Dover et al. 2001 van Dover et al. , 2002 Fiala-Médioni et al. 2002; .
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Idas) and species in the subfamily Bathymodiolinae (two genera:
endemics that colonize whale and wood falls (e.g., mussels of the genus their gills (Fig. 2b, c; Cavanaugh et al. 1987 Cavanaugh et al. , 1992 Fisher et al. 1987 Fisher et al. , 1993 Robinson et al. 1998; Fiala-Médioni et al. 2002) . Development of this symbiont-containing gill tissue gives the mussels characteristically thick and opaque gills. Chemoautotrophs and methanotrophs have also been detected in the mantle and foot epithelia of B. childressi, but their role in the physiology, development, and evolution of the symbiosis remains unclear (Streams et al. 1997) .
Mussels of the genus Bathymodiolus are unique among animals in that individuals can host both phylogenetically and physiologically distinct bacteria simultaneously, i.e., chemoautotrophic and methanotrophic endosymbionts, even within the same bacteriocyte ( Fig. 2c ; Cavanaugh et al. 1987 Cavanaugh et al. , 1992 Kochevar et al. 1992; Distel et al. 1995; Nelson et al. 1995; Trask and van Dover 1999; Fiala-Médioni et al. 2002) . Thus far, dual symbioses have only been described for mussels from the Atlantic and Gulf of Mexico (Table 1) , but isotopic analyses suggest that an undescribed Bathymodiolus species from the Mariana Fore-Arc in the western Pacific might host dual symbionts as well (Yamanaka et al. 2003) . The dual-symbiont condition allows the mussel environmental flexibility by expanding the resources, and thus chemical habitats, available to it.
Symbionts are housed within membrane-bound vacuoles, in bacteriocytes of the gill tissue of bathymodioline mussels. Methanotrophic symbionts (~1.5-2.0 µm in diameter), exhibiting the intracytoplasmic membranes typical of type I methanotrophs, are usually found individually within a vacuole, while the chemoautotrophs, coccoid cells ~0.3 µm in diameter, often occur multiply endosymbiont, either methanotroph or chemoautotroph, is found in a given vacuole, the symbionts can co-occur in the same vacuole.
Bacterial Symbionts
Phylogenetic analyses based on 16S rRNA have revealed that two types of gamma Proteobacteria are housed within the bacteriocytes of bathymodioline mussels. One type of symbiont includes lineages that cluster with free-living, type I methanotrophs, while the others form a monophyletic group of chemoautotrophic endosymbionts associated with mytilid mussels and vesicomyid clams (Fig. 4) . Overall, six of the sixteen species of Bathymodiolus host dual symbionts, while an additional three harbor only methanotrophs and another seven, along with Tamu fisheri, are associated strictly with chemoautotrophs (Table 1) . The association between bathymodioline mussels and these two distinct bacterial clades presents a unique situation to address questions about the origin and evolution of symbioses.
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Eric G. DeChaine, Colleen M. Cavanaugh within a single vacuole (Fig. 2b, c) . Though typically only one type of To date, all methanotrophic endosymbionts of mussels form a monophyletic group nested within the type I free-living methanotroph clade ( Fig. 4 ; DeChaine et al. 2005; Duperron et al. 2005a,b) . Though the methanotrophs are generally host-specific, multiple host species can harbor the same methanotrophic symbiont phylotype and single mussel individuals can host multiple symbiont genotypes (DeChaine et al. 2005) .
The bathymodioline chemoautotrophic symbionts cluster with symbionts of clams, to the exclusion of other chemoautotrophic vent symbionts (e.g., those of hydrothermal tubeworms and coastal mollusks; Fig. 4) . As with the methanotrophs, diverse but related phylotypes have been uncovered for chemoautotrophic endosymbionts of mussels in the genus Bathymodiolus, including multiple phylotypes within an individual host as well as symbiont phylotypes shared among host species (Won et al. 2003a; DeChaine et al. 2005; Duperron et al. 2005b) . Though the chemoautotrophic symbionts of the Eastern Pacific Rise (EPR) mussel, B. thermophilus, were shown to fix CO 2 and to utilize thiosulfate and hydrogen sulfide as energy sources and thus were labeled sulfur-oxidizing or thioautotrophic bacteria (Belkin et al. 1986; Nelson et al. 1995) , energy substrates for chemoautotrophic endosymbionts of other mussels in the genus have not been determined. For a detailed discussion of chemoautotrophy, see the chapter on chemoautotrophic symbioses of vestimentiferan tubeworms (Stewart and Cavanaugh, this vol.) and the recent review by Cavanaugh et al. (2005) .
Distribution of Symbionts within Mussel Gill Tissue
In most bathymodioline species, no spatial pattern of symbiont types in the bacteriocytes was detected from TEM analyses (Fisher et al. 1993; Distel et al. 1995; Fiala-Médioni et al. 2002; Won et al. 2003a) . In contrast, hybridization of methano-and chemoautotrophic-specific probes to symbionts in the gill bacteriocytes of an undescribed Bathymodiolus species from a recently discovered hydrocarbon seep on the Gabon continental margin revealed a distinct distribution pattern for the two bacterial phylotypes (Duperron et al. 2005a) . In situ hybridization (FISH) techniques revealed that methanotrophic symbionts occupied the basal region of the bacteriocyte while the chemoautotrophic symbionts occupied the apical end, in close proximity to the external, seawater environment. Duperron et al. (2005a) postulated that the high concentration of methane in the seep fluids could compensate for the diffusive loss of methane through the bacteriocyte, while the low concentration of sulfides might limit the distribution of the chemoautotrophs. Similar studies employing FISH probes on other species of Bathymodiolus from additional vent and seep sites are required to determine whether there are any general symbiont patterns or whether the distribution is host species-or habitat-specific.
Nutrient Assimilation
The metabolic needs of the host are met by the transfer of nutrients from endosymbionts. Our discussion focuses on assimilation of nutrients from the methanotrophic symbionts, since the previous chapter discusses nutrient acquisition by invertebrates hosting chemoautotrophs. Enzymatic and physiological assays have indicated that, in methanotrophic symbioses, the majority of carbon attained by the host is derived from utilization of methane by the symbiont. Evidence suggests that nitrogen, in the form of ammonium and nitrate, is assimilated by the mussel from symbiont and environmental sources. Future analyses aimed at elucidating the acquisition of other essential nutrients are needed to more fully understand the contribution of endosymbionts to the overall metabolism of the host.
Carbon Assimilation
A diverse array of enzymatic and physiological assays has shown that methane methane monooxygenases (MMOs) degrade rapidly (Cavanaugh et al. 1987) and methanol dehydrogenase (MeDH) is unique to methylotrophs, MeDH is commonly employed as a diagnostic enzyme for the detection of methanotroph activity Fisher et al. 1993; Barry et al. 2002; Fiala-Médioni et al. 2002) . Stable carbon isotope ratios, based on 13 δC, provide support as to whether carbon is derived from methane of biogenic (depleted; -80‰) or thermogenic (-45 to -50‰) origin (Cavanaugh et al. 1987; Fisher 1990; Fisher et al. 1993; Barry et al. 2002) . In addition to natural variation in 13 δC values due to the source methane, mussels that host dual symbionts exhibit 13 δC signatures reflecting a mix of methanotrophic and chemoautotrophic metabolisms, and thus values should be interpreted with caution (Fisher et al. 1994 ). The most definitive marker for the assimilation of carbon fixed by methanotrophs is 14 CH 4 incubations followed by analyses of how much 14 C is incorporated into acid stable compounds and CO 2 (Cavanaugh 1992; Fisher and Childress 1992; Robinson et al. 1998) . In growth experiments, shell growth rate in B. childressi was positively correlated with methane concentration, and the absence of methane inhibited growth altogether (Cary et al. 1988) . Finally, the presence of methanotrophs in host tissue can be verified by using pmoA probes because the pmoA gene, which codes for a subunit of the particulate monooxygenase unique to methanotrophs, serves as an excellent marker for that group (Holmes et al. 1995; Pernthaler and Amann 2004) .
The host can acquire biogenic carbon from the symbiont either through translocation of nutrients or direct digestion of the bacteria. Slow rates of carbon transfer from symbiont-bearing to symbiont-free tissue and the degradation of methanotrophs in the basal region of bacteriocytes Barry et al. 2002) suggest that hosts acquire much of their carbon by digesting their symbionts. But, by employing lysosomal enzyme cytochemistry and 14 C tissue autoradiography, Streams et al. (1997) demonstrated that hosts acquire nutrients through translocation of organic matter released by the symbionts as well as through direct digestion of symbionts.
Nitrogen and other Essential Nutrients
Both partners in the symbioses are dependent on environmental sources of nitrogen, typically available at deep-sea vents and seeps in the form of ammonium, nitrate, and/or organic nitrogen (Lee et al. 1992 (Lee et al. , 1999 Lee and Childress 1994) . N 2 fixation, originally postulated for both chemoautotrophic and methanotrophic symbionts (based on depleted δ 15 N values for mussel tissues), has not been detected. In retrospect, this is to be expected given the availability of other fixed nitrogen sources. Because endosymbionts are not in direct contact with the environment, where sediment and seep/vent effluent can be rich in ammonium and nitrate, the uptake of nitrogen is necessarily mediated by the host (Lee et al. 1999) . The large variation in stable nitrogen isotope ratios, δ 15 N, among mussel populations suggests that some mussels acquire nitrogen containing compounds from their symbionts, while others must obtain it from the environment (Brooks et al. 1987; Page et al. 1990; Kennicutt et al. 1992; Fisher et al. 1994) . Lee and Childress (1996) were unable to determine the relative contributions of the symbiont and host to overall nitrogen assimilation, but they did show that gill tissue from symbiotic mussels exhibited nitrate reductase activity (indicative of bacteria), and that the glutamine synthetase/glutamate dehydrogenase pathway (utilized by both host and bacteria) was probably responsible for ammonium assimilation. Though bathymodioline mussels rely on their bacterial symbionts for the majority of their nutrition, their attenuated gut permits them to filter feed to a limited degree (Page et al. 1990 ). Indeed, suspension-feeding on ultraplankton provides B. childressi with supplemental nitrogen, essential for growth (Pile and Young 1999) . The proportion of other nutrients (e.g., phosphorous, minerals) obtained through the symbionts and filter-feeding and the identity and concentration of these resources remain to be determined.
Evolution and Biogeography of Bathymodioline Symbioses
The historical biogeography of bathymodioline symbioses, inferred by placing portraits of relationships among individuals in a geographic context, provides a basis for understanding the current distribution and magnitude of diversity in the invertebrate host and symbionts. The disjunct distribution of hydrothermal vent and hydrocarbon seep communities, due to factors such as topography, physical oceanography, and tectonic activity, could promote genetic differentiation, local adaptation, and speciation by inhibiting gene flow among populations (Tunnicliffe 1991; Tunnicliffe et al. 1998; Kim and Mullineaux 1998; van Dover 2002; DeChaine et al. 2005) . The global distribution of bathymodioline symbioses at deep-sea vents and seeps makes these mussels excellent model systems for addressing questions of deep-sea historical biogeography. Vent endemic mussels in the genus Bathymodiolus have the bestunderstood biogeographic history of all hydrothermal vent fauna (Tunnicliffe and Fowler 1996; Vrijenhoek 1997; Vrijenhoek et al. 1998; O'Mullan et al. 2001; Won et al. 2003a,b; DeChaine et al. 2005 ). Bathymodioline mussels are globally distributed at deep-sea hydrothermal vents and cold seeps (Fig. 1) and fossil evidence suggests that they existed with chemosynthetic symbionts as early as the Jurassic (~150 Mya; Campbell and Bottjer 1993; Taviani 1994) . Phylogenetic inferences suggest that the common ancestor of the vent and seep endemic Bathymodiolinae was derived from mytilids that first inhabited whale and wood falls (Distel et al. 2000) . At the species level, mussel populations are genetically differentiated along the northern Mid-Atlantic Ridge (MAR; Won et al. 2003a) , while those on the fast-spreading and relatively continuous Eastern Pacific Rise (EPR) are more homogeneous (Won et al. 2003b) . Differences in the degree of isolation among species and populations are presumably due to inter-ridge variations in spreading rate, discontinuity of the ridge segments, and deep-ocean currents .
Populations of bathymodioline symbionts are geographically structured as well (Won et al. 2003a; DeChaine et al. 2005) . Genetic analyses of the ITS region from the chemoautotrophic symbiont populations showed that populations hosted by mussels at the Lost City and MAR were genetically histories (DeChaine et al. 2005) . The degree to which symbiont population 241 isolated from one another and have experienced independent demographic structure is affected by host distribution and/or environmental factors remains elusive due to uncertainties in how symbionts are transmitted between hosts from one generation to the next and the limited number of populations studied (Le Pennec and Beninger 1997; Eckelbarger and Young 1999; Won et al. 2003a; DeChaine et al. 2005) .
Continued sampling of Bathymodiolus species from novel vent and seep sites, characterization of symbioses, and additional population-level studies will provide the basis for understanding how dispersal barriers have influenced gene flow and genetic differentiation in hosts and symbionts, and thus the process of speciation and evolution of the symbiosis.
Summary and Conclusions
The symbioses between invertebrates and chemosynthetic bacteria allow both host and symbiont to colonize and thrive in otherwise inhospitable deep-sea habitats. Given the global distribution of the bathymodioline symbioses, this association is an excellent model for evaluating co-speciation and evolution of symbioses. Thus far, the methanotroph and chemoautotroph endosymbionts of mussels are tightly clustered within two independent clades of gamma Proteobacteria, respectively. Further physiological and genomic studies will elucidate the ecological and evolutionary roles that these bacterial clades play in the symbiosis and chemosynthetic community. Due to the overall abundance of the methanotrophic symbioses at hydrothermal vents and hydrocarbon seeps, they likely play a significant, but as of yet unquantified, role in the biogeochemical cycling of methane. With this in mind, the search for methanotrophic symbioses should not be restricted to these known deepsea habitats, but rather should be expanded to include methane-rich coastal marine and freshwater environments inhabited by methanotrophs and bivalves. Our current understanding of the bathymodioline symbioses provides a strong foundation for future explorations into the origin, ecology, and evolution of methanotroph symbioses, which are now becoming possible through a combination of classical and advanced molecular techniques.
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